Visually guided saccades to single targets undershoot by about 10% of the target distance, and require additional secondary saccades to foveate the target. We examine theoretically the hypothesis that undershooting is an economical strategy for maximizing the time for clear vision by minimizing saccadic flight-time. Using a simple stochastic model, Monte-Carlo simulations show that when the standard deviation of saccadic error is about 10% of the target distance the optimal gain of primary saccades is about 0.93-0.97 depending on the main sequence for saccade duration. When the standard deviation of saccadic error is large, as occurs in the human infant, the optimal gain decreases to about 0.6, which agrees with empirical observations. We conclude that saccadic undershoot is consistent with an adaptive controller that attempts to minimize total saccadic flight-time during sequences, rather than retinal error. The ethology and physiology of such a controller is discussed in the context of visual scanning and visual development.
INTRODUCTION
Visually guided saccades to a single peripheral target are not precise, and frequently small secondary saccades are needed to align the fovea with the target. It is commonplace to find that the distribution of the errors of the primary saccade fall slightly short of the target, resulting in an undershoot bias. For saccades made from primary position to a peripheral target (centrifugal) with an abrupt onset, the average gain (magnitude of the primary saccade + target eccentricity) is typically about 0.9. A somewhat higher gain, 0.96, has been reported for saccades back to primary position (centripetal) (Becker, 1989) , and 0.95 or higher for saccades to stationary targets (Collewijn, Erkelens & Steinman, 1988a; Lemij & Collewijn, 1989) . In man, vertical and oblique saccades also undershoot (Deubel, 1987) , although there is an overall downward bias which may result sometimes in downward overshoot (Collewijn, Erkelens & Steinman, 1988b) . Undershoot bias is a deliberate strategy since shifting the target closer to the fixation point during the primary saccade induces an adaptive change which eventually re-establishes undershoot (Henson, 1978) . Therefore, the undershoot is not the steady-state error of some simple adaptive controller using retinal error as negative feedback, and the implication is that primary saccades do not minimize retinal error, on average.
In the human infant, saccade accuracy is very poor with primary saccades grossly undershooting the target *Eye Movement Unit, Department of Ophthalmology, Great Ormond Street Children's Hospital, London WC1N 3JH, England.
requiring sometimes as many as five or six secondary saccades to reach the target (Aslin & Salapatek, 1975) . The amplitude of the primary saccade increases with target eccentricity, although gain decreases (Harris, Jacobs, Shawkat & Taylor, 1993) . However, in spite of the poor accuracy, there is still a strong undershoot bias. Although immature sensory-motor mapping could explain poor accuracy, it is more difficult to explain the undershoot bias. We have proposed that the infant saccadic system is also under adaptive control, such that the frequency of overshoots is kept low even at the expense of extreme undershoot (Harris et al., 1993) . However, there has been no satisfactory explanation for the undershoot bias at any age. Robinson (1973) suggested that undershoot maintains the representation of the target in the same hemisphere, which might save preparation time of secondary saccades. However, evidence for this is weak (Becker, 1989) . For the infant, where secondary saccade latencies are very long, Harris et al. (1993) found no significant difference in the latency of contra-and ipsiversive secondary saccades. Poulton (1981) has argued that undershoot is merely a manifestation of a "contraction bias", in which near targets are overshot and distant targets are undershot. However, as pointed out by Becker (1989) , contraction bias does not account for the undershoot when only a single near target is presented. For example, data from Kapoula and Robinson (1986) showed a gain of about 0.9 for a 5 des target before a range was introduced. Thus, undershoot bias should be distinguished from contraction bias.
De Bie, van den Brink and van Sonderen (1987) suggested that undershoot may be a strategy to avoid instability. However, it is easy to see that the same number of saccades would be needed to reach a target if gain were at 1.1 or 0.9. Instability only becomes a problem when gain is at or above 2, which is not a realistic concern in the healthy adult. Kapoula and Robinson (1986) have suggested that the saccadic system does not need to be accurate since most objects can be recognized when imaged somewhat peripherally. This does not explain why primary saccade error increases with target eccentricity. It is important to distinguish between the spread of saccadic error (i.e. the standard deviation of error) and undershoot bias (i.e the position of the mean of the error). The "lazy scanning" argument may explain a large spread of error, but as it stands, it does not explain why there is a bias for undershoot.
Another possibility is that the saccadic system responds to a low-pass temporally filtered version of the eccentric target that gradually builds up towards the correct eccentricity (Deubel, Wolf & Hauske, 1984) . In agreement with this, Aitsebaomo and Bedell (1992) have shown that undershoot is greater for briefly presented stimuli. It is doubtful that saccadic error is due solely to the afferent localization error (Aitsebaomo & Bedell, 1992; de Bie et al., 1987) , and Aitsebaomo and Bedell have argued that this filtering occurs in the superior colliculus (SC). However, this still begs the question of why undershoot is tolerated given that the system is so highly adaptive.
It has been mentioned by some authors that undershooting may be an economical strategy for saving energy or time (e.g. Poulton, 1981; Becket, 1989) . Clearly, for a given magnitude of error, the eyes would travel less for undershoot than for overshoot, and there would be savings in both expended mechanical energy and in saccadic flight-time. We doubt that undershoot results from minimizing energy consumption. Extraocular muscles are resistant to fatigue (Fuchs & Binder, 1983) . Moreover, most work done during a saccade overcomes viscous drag, so that rotating the eyes at high speed is an extremely energy-inefficient way of re-orienting the eyes. If energy were an overriding concern it would pay to make many small slow saccades, or not make saccades at all! Clearly, saccades have evolved, not to save energy, but to re-orient the eyes rapidly, presumably to maximize the time for clear vision.
It seems plausible, prima facie, that minimizing saccadic flight-time may be a functional reason for undershooting. There is an approximately linear relationship between saccade duration, T, and saccade amplitude, A, for saccades over the range of 5-50 deg (e.g. Collewijn et al., 1988a) :
Consequently, if a single secondary saccade of magnitude ]x l corrects for a primary error, the round-trip flight-time for an overshoot error would be 2/~ Ix ] longer than for an undershoot error of the same magnitude.
Thus it would pay to undershoot. However, because the error of the primary saccade is variable, to avoid an)'
overshoots would require quite a low gain depending on the tail of the distribution of errors. This, in turn, would entail more saccades to reach the target. However, from equation (I) there is penalty of ~ for just making a saccade, so setting the gain too low would also be disadvantageous since n saccades cost at least na, whatever their amplitudes. Therefore, there must be an optimal gain that minimizes total saccadic flight-time by trading-off the costs set by a and ft. Although the idea is simple, calculating this optimal gain is not straightforward because of the stochastic nature of the problem. We have found the optimal gain by Monte-Carlo simulations and explored its dependency on various parameters.
METHOD
To be able to simulate the problem it was necessary to make some assumptions about how saccades are made.
Assumptions
First, the distribution of saccade error (A) depends on the target eccentricity (c), with a spread (standard deviation) that increases with target eccentricity (Becker, 1989) . Therefore, we considered target foveation to be a sequential stochastic process with a different distribution of error for every eccentricity. The process was assumed to be Markov, so that the error distribution after a saccade did not depend on how a particular eccentricity was reached. It was assumed that the distribution of error has the same shape, and that only the mean (/~) and spread (standard deviation, a) change with eccentricity. We also assumed that a is proportional to the average magnitude of the saccade (not to target eccentricity), i.e. cr = ~/~, where ~ is called the "spread factor". The rationale for this was that (a) if the spread were due to visual localization uncertainty, a multiplicative gain term would scale a as well as/~; (b) if spread were due to motor error, a would depend on distance travelled, not on actual target eccentricity.
A second problem was deciding when the process ends. If the target were a singularity, the process would continue ad infinitum with smaller and smaller saccades being triggered but never quite reaching the target. In reality not only do visual targets have finite sizes, but there is limit on how small saccades are made. We assumed that the process ends when a saccade brings the fovea anywhere on the target (width 2p). We also placed a limit on the minimum saccade magnitude (c~).
Finally, the relationship between saccade duration and amplitude is not strictly linear for short saccades (Bahill, Clark & Stark, 1975b) . However, we ignored this because the linearity of equation (1) saved considerable computer resources in calculating statistics of saccade duration. Estimates of ~ and fl vary among reports depending on individual differences and measurement technique (Becket, 1989) . They also depend on the meridian of the saccades, and whether they are away from or towards primary position. We used the values published by Collewijn et al, (1988a) for horizontal saccades, since these were measured with an accurate search coil method and centripetal and centrifugal saccades were differentiated: for centrifugal saccades, :~ = 13 msec, fl = 3.9 msec/deg (7 = c~/fl = 3.3); for centripetal, ~ = 27 msec, fl = 2.5 msec/deg (7 = 10.8).
Model
Foveating an eccentric target consists of a sequence of saccades, where the number of saccades is called the multiplicity (n), which may range from 1 to infinity (in principle). After the ith saccade in a sequence, the position of the eye is given by a random variable, xi, with an error distribution: Ai(xi), where xi, is measured relative to the centre of the target. The distribution after the ith saccade, A~, has a mean of #~ and a spread of a~. The mean is proportional to the eccentricity of the target before the saccade is triggered, where the constant of proportionality is the gain (G):
and the spread is proportional to the mean distance travelled by the eye:
Oain, spread factor, and error distribution were fixed during a sequence (see Fig. 1 for summary) . At the beginning of each simulated sequence, the initial position of the eye was set to x0 = ~ deg. The mean, /~j, and standard deviation, a~, of the error distribution of the first saccade were calculated according to equations (2) and (3), and a random number was generated with the desired distribution to yield the eye position after the first saccade, x~. If the new eccentricity was greater than the target radius, x~ was used to calculate the new mean and standard deviation for the error distribution of the second saccade according to
2p Target //1 I 0 FIGURE 1. Summary of model. At the beginning of the ith saccade in a sequence, the eye is at x~ t deg from the centre of the target (x = 0). Eye position after the ith saccade, xj, is randomly distributed with the error distribution, A,, where the mean, p~, is proportional to the target eccentricity with a gain G, and where the standard deviation, a~, is proportional to the distance from x, ~ to the mean with a spread factor ~. All saccades have a size of at least 6. The sequence is started with x0=E, and ends when the nth saccade brings the eye, x,,,
anywhere on the target of radius p (shaded rectangle).
equations (2) and (3). This procedure was continued until the nth saccade (n >~ 1) brought eye position anywhere on the target (i.e. Ix, ] ~< p). If a saccade magnitude were less than a preset minimum saccade size, 8, the saccade was not used and a new random number was generated.
Simulations of a sequence for a given set of parameter values: A, 7/, ~, p, 6, and G, were repeated many times with different random numbers to yield a mean total distance,/), and a mean multiplicity, ri. The repeats were continued until the standard error of ri was < 0.005, and the standard error of/) was < 0.05 deg, and at least 1000 repeats had occurred. This typically took about 15,000 repeats for adults and about 50,000 for infants. In the figures, standard errors were less than the size of the symbols. Because of the linearity of equation (!), the mean total saccadic flight-time could be simply calculated by:
Three symmetric spread distributions were used: Laplace, Oaussian and uniform distributions. These were chosen because they were easily computed, and they cover a wide range of kurtosis: • = 3.0, 0.0, and -1.2, respectively. Each random number was based on two consecutive calls to the Microsoft "C'" library random number generator (version 6), which yielded a sample space of (216 --l) 2 = 4.3 x 109 different random numbers. The random number generator was re-seeded when necessary (i.e. when a program was started) by the local computer clock, so that no simulations in this report ever used the same sequence of random numbers.
Finding the optimal gain
For a given set of values for the parameters: A, ~u ~, p, and 6, the means/) and r~ were found for different values of gain, G. The relationships between ~i and G, and /) and G were separately fitted by cubic polynomials using singular value decomposition. A linear combination of these polynomials, weighted by c~ and/3, was formed to yield another cubic polynomial for iP vs G. The optimal gain, Gop, is given by the minimum of this polynomial, which was found analytically by differentiation and quadratic solution. It should be noted that Gop t depends only on the ratio 7 = ~/fl, not on the absolute values of and ft. Thus given the polynomials of ri and /), Gop~ could be found analytically for any y provided Gop, fell within the sampled range of G. For adult simulations the range for G was 0.85 1.1 with 0.01 steps, and for infants, 0.2-1.2 with 0.025 steps. Spot-checks showed that the polynomial for iP was a smooth function of gain with a single minimum, and there was no improvement in the Z 2 goodness-of-fit for fourth-or higher-order polynomials.
Even with polynomial fitting, the computation requirements for finding Gore over the entire parameter space {A, ~P, ~, p, 6 } were still prohibitive. Instead, each parameter was varied systematically while keeping the other parameters fixed at values which were thought to be reasonable for normal human saccades (base model).
RESULTS

Optimal gain (Gop,)
We illustrate the basic findings by simulating sequences to a target with a radius of p = 0.25deg (equivalent to a typical 5ram light-emitting diode at 57 cm from the subject) at an eccentricity of E = 20 deg. Minimum saccade size was set to 6 = 6 min arc. The error distribution, A, was Gaussian with a standard deviation of 10% of the mean [~ = 0.1 in equation (3)].
We shall refer to this as the base model.
Mean multiplicity was strongly dependent on gain [ Fig. 2(A) ] with a minimum occurring at a gain slightly below unity (~0.99); this was because the spread is proportional to gain [equation (3)]. The, mean overall flight-distance increased monotonically as gain increased [ Fig. 2(B) ]. However, because saccade amplitude is distributed, total flight-distance began to exceed 20 deg at gains well below unity. Thus, as expected, increasing gain above unity increased/) as well as t~, and so was clearly suboptimal. Decreasing gain well below unity had minimal effect on/) but increased t~. As seen in Fig. 2(C) , mean total sequence flight-time, f', showed a minimum at a gain of about Gopt = 0.93 for centrifugal, and 0.97 for centripetal saccades. Figure 2(D) shows the proportion of undershoots (-), overshoots (+), and on-target (0) primary saccades at different gains for 7 = 3.3. At the optimal gain, the percentage of overshoots was about 20%.
It can be seen that multiplying r~ and/5 by the same factor cannot not change Gop t. The critical quantity in determining Gopt is the ratio of the coefficients in equation (1), 7 = ~///, [which is the intercept on the amplitude axis of equation (1)]. Calculating Gop t for various values of 7 (see Methods), showed that Gop, increased asymptotically towards about 0.99 as 7 increased [ Fig. 2(E) ]. From this we see that the greater the penalty for initiating a saccade relative to the flight-time per degree (increasing 7), the less it pays to undershoot. The vertical dashed lines in Fig. 2 (E) show 7 for centrifugal saccades (7 = 3.3) and for centripetal saccades (7 = 10.8) according to Collewijn et al. (1988a) . Thus, centripetal primary saccades would need to be less hypometric then centrifugal saccades for a given amount of spread.
If the latency of secondary saccades (140-200 msec) is included in ct, 7 becomes 40-90deg (depending on direction), and it hardly pays to undershoot at all [shaded area in Fig. 2(E) ]. Thus, typical adult undershoot does not minimize total time to reach a target, but only saccadic flight-time.
Error distribution shape (A) and spread factor (71)
The base model was simulated with three differently shaped error distributions: Laplace, Gaussian and uniform. From Fig. 3 , it can be seen that decreasing kurtosis reduces the optimal gain, all other factors being equal. The percentage of overshoots varied relatively less [ Fig. 3(B) ].
Changing the spread factor from 7/= 0.04 to 2.0 with 
Target eccentricity (~)
Different target eccentricities were simulated for = 5-60 deg in steps of 5 deg. Target eccentricity had only a modest effect on Gop,, causing it to decrease from 0.96 at 5 deg to 0.90 at 60 deg for ~ = 3.3 [ Fig. 5(A, C) ]. This is not surprising since most of the parameters have been scaled according to target eccentricity. As before, the percentage of overshoots remained roughly constant, at about 10-20% [ Fig. 5(B, C) ].
Target radius (p)
The radius of the target was varied in the base model from 6minarc to 3deg. There was modest nonmonotonic change in Gop~ between 0.91 and 0.94 for 7= 3.3 [ Fig. 6(A, C) ]. On the other hand, increasing target radius caused a rapid decline in the percentage of overshoots [ Fig. 6(B, C) ]. This was not surprising since a sequence was terminated whenever a saccade landed anywhere on the target, so that as width increased, the number of primary saccades landing on the target increased with a concomitant drop in overshoots.
Minimum saccade size (6)
The minimum saccade was varied from 3 to 15 min arc. The optimal gain and percentage of hypermetric primary saccades remained virtually unchanged (not shown). Thus minimum saccade size was not an important variable. Based on between-subject frequency polygons of primary saccade gain published by Harris et al. (1993) , we estimated the spread factor to be of order of 7' = 0.4 (referred to unity gain) for 1 2 month-old infants with an 8-deg-wide target centred at an eccentricity of 20 deg.
Using these values, simulations showed some significant differences from adults. As with adults mean multiplicity had a minimum, but it now occurred at a gain below 0.90 [ Fig. (7A) ]. The values for r~ seem similar to those of adults, however this is not a true comparison because target sizes are not comparable. The simulated infant sequences actually required many more saccades than adults for a given target size. The average total distance travelled also began to increase at lower gains than for adults [ Fig. 7(B) ] because of the increased spread.
The main sequence for infant saccade duration is unknown. Nevertheless, using the same values for adults showed an optimal gain of about 0.6 for centrifugal and 0.75 for centripetal saccades [ Fig. 7(C) ]. This is similar to published gains (Harris et al., 1993) , although directions have not been differentiated. The percentage of overshoots was low [ Fig. 7(D) ], which roughly agrees with Harris et al., who reported 2.5%. Thus, given the sparsity of data on infant saccades, Gop t is of the same order of magnitude as measured infant gains. 
DISCUSSION
These simulations show that, given the presence of saccadic error, there is an optimal gain below unity for minimizing total saccadic flight-time to reach a single eccentric target. When parameter values are set to be similar to those typically published in experiments on adults, the optimal gain is about 0.93. Thus the observed typical 10% undershoot is near optimal for minimizing total sequence flight-time. We cannot be more precise in this claim because of our approximations and the inconsistencies and incompleteness of published data.
We have used Collewijn et al.'s (1988a) horizontal data for the main sequence of saccadic duration and linearly extrapolated it back to zero amplitude. Other data have shown different slopes and intercepts which would indicate higher values of ~. Becker (1989) reports considerable individual variations: 20-30 msec for ~, and 1.5-3 msec/deg for 13. This yields a maximum possible range of ~ between 6.6 and 20, although the actual range cannot be recovered because estimates of ~ and fl are statistically dependent. This is different from Collewijn et al.'s data. For small amplitude saccades, the main sequence is non-linear and a logarithmic relationship has been suggested (Bahill et al., 1975a) . For microsaccades less than 0.5 deg, the duration intercept appears to be about 14msec (Bahill et al., 1975b) than others. We have not investigated the effects of this non-linearity. There are wide variations in published values for gain, which reflect not only individual differences but also different recording techniques, measurement criteria, and possibly different task demands. Becker (1989) reported individual gains varying from 0.85 to 0.95. Deubel, Wolf and Hauske (1986) reported gains of about 0.91-0.92. However, most authors have reported a nominal 0.9 gain. Second, reports of the percentage of overshoots also vary considerably, 16-30% at 10deg (Becker, 1989) . Clearly, poor instrument resolution (particularly with EOG) will tend to underestimate small saccades and hence bias against overshoots. Using an accurately calibrated search coil procedure, de Bie et al. (1987) reported a roughly constant 16% overshoot at eccentricities of 1-8 deg.
Our simulations relate the optimal gain to a given spread (we do not explain the spread). We find that less spread leads to a higher gain (Fig. 4) . This is consistent with Lemij and Collewijn's (1989) report that there is an increase in gain when spread is reduced with stationary (rather than jumping) targets (see also de Bie et al., 1987) . With voluntary saccades to continuously visible targets, Collewijn et al. (1988a) found only a small amount of undershoot, which was independent of eccentricity. However, spread was also constant with eccentricity. Van Opstal and van Gisbergen (1989) reported a spread of about 5% of target eccentricity, but did not report the mean gain. De Bie et al. (1987) reported a decrease in spread from 16% of target eccentricity of 1 deg to 8% at 8 deg with mean gains ranging from about 0.98 to 0.95, which is equivalent to a spread factor changing with eccentricity from 7 j = 0.163 at 1 deg to 0.084 at 8deg. We note that a nominal gain of 0.9 with 10% overshoots yields a spread factor of T --0.09 assuming a Gaussian error distribution, and ~ = 0.13 with 20% overshoots.
Only the one-dimensional case has been considered here. We believe this is justified because of the meridional specificity of adaptive gain control (Deubel, 1987) . Nevertheless, there is a non-trivial angular spread, which has a standard deviation of about a third to a half of the radial spread (Deubel, 1987; van Opstal & van Gisbergen, 1989 ). This would be expected to add to total sequence flight-time and lead to a lower optimal gain (underestimation of 7~).
The assumption of a symmetric error distribution may not always be valid. Lemij and Collewijn (1989) show an error distribution skewed towards lower gains for jumping targets but more symmetrical for stationary targets. Some slight negative skewness has also been reported by van Opstal and van Gisbergen (1989) .
We have not included the effects of random variations in the saccade durations. The standard deviation of saccade durations increases with saccade amplitude. This would penalise higher gain saccades and so cause us to slightly overestimate optimal gain.
Finally, we have used a simple deterministic termination criterion for each simulated sequence. A probabilistic termination would be more realistic, in which probability of terminating increases as the fovea approaches the target. Indeed, it is possible that the termination criteria may be independent of the actual target size.
Thus, although we have made a number of approximations, they should only introduce second-order errors. Ultimately, of course, we cannot be certain that the putative adaptive gain control mechanism would be perfectly accurate. At this stage we conclude that the 5-10% undershoot is near-optimal for minimizing total sequence flight-time when the spread is about 5-10% of target eccentricity, but less spread permits a higher optimal gain. We note that these simulations do not account for the overall downward bias seen in vertical saccades (Deubel, 1987; Collewijn et al., 1988b) .
Although these simulations suggest that saccadic flight-time may be important to the visual system, they do not prove that the gain controller actively minimizes flight-time. First, the issue of optimality only makes sense when referred to a set of constraining conditions. In our simulations the major constraints are the duration main sequence (i.e. 7) and the presence of non-trivial saccadic error (A). It is conceivable that our findings could be accidental, such that minimal flight-time may occur at a gain that is optimal for some other constraints. Second, undershooting may be an epiphenomenon of laboratory saccades. Single visual targets do not usually occur in normal viewing and so laboratory saccades may cause an exceptional sensory-motor mapping leading to undershoot that is not properly recognized by the adaptive controller. Notwithstanding these caveats, in the remainder of this discussion we shall assume that undershoot is a deliberate, active strategy of the gain controller and discuss the plausibility and ethological significance of a mechanism for sequence flight-time minimization (SFM).
Stochastic plausibility of SFM
Any mechanism of SFM would depart from the simple view that adaptive control attempts to reduce an error signal to zero over the long-term by negative feedback. In SFM the actual value of the minimum flight-time cannot be known a priori, so that it would not be possible to generate a flight-time error signal. In other words SFM would be a process of minimizing cost rather than reducing some error to zero. How might this be accomplished?
An indirect way might be to continuously adjust gain to maintain a fixed proportion of overshoots. As seen in Figs 3-5, keeping 15-20% overshoots would ensure a near-optimal gain. Such a mechanism could decrease gain after an overshoot and increase gain after an undershoot, as modelled by Wolf, Deubel and Hauske (1984) . Using differing gain increments and decrements (i.e. different adaptive time-constants) a desired equilibrium point could be reached quickly. One possible argument against this method is that the optimal overshoot percentage is sensitive to stimulus size (Fig. 6) . However, this problem may be an artifact of our termination criteria. If the brain always assumed the target to be the same size (regardless of its actual size), then controlling overshoot proportion would be successful way for SFM. Unfortunately, to our knowledge, there are no published data on the effect of different stimulus sizes on saccadic accuracy. Another problem is that there would still have to be a supervising mechanism that determines the time-constants to maintain the correct equilibrium point. Thus, ultimately there would have to be a neural circuit for finding minimum flight-time. Could SFM be carried out directly?
In the simulations shown here the minimum was found in the mean of thousands of trials. Yet the savings in flight-time between the optimal gain and a gain of unity is rather small for an adult, about 4 msec on an overall time of 108 msec. Thus, is it statistically feasible for a controller to find such a shallow minimum? To answer this, we simulated a simple stochastic model in which saccadic gain was modified by the total sequence flight-time according to the following rule: saccadic flight-time was accumulated during a sequence and compared to the average total flight-time of the last few sequences. If sequence flight-time decreased (cost reduction), the direction of the last change in gain was maintained. If sequence flight-time increased then the direction of gain change was reversed. Thus the minimum sequence flight-time was continually hunted. In this model the amount of gain change was held constant at 0.01. Using an average of the last six sequences, it was found that a near-optimal gain could be found and maintained within about 100 saccades when adapting down from an initially hypermetric gain [ Fig. 8(A) ], but slower from an initially hypometric gain [ Fig. 8(B) ]. When sequence flight-time was normalized according to target eccentricity, then a near-optimal gain could be maintained for saccades of random magnitude.
This stochastic model should not be construed as a physiological model, but merely a demonstration that convergence on the optimal gain is stochastically feasible with a time-constant similar to that empirically found (Henson, 1978; Miller, Anstis & Templeton, 1981; Deubel et al., 1986; Deubel, 1987; Albano & King, 1989) .
Physiological plausibility of SFM
Our conception of adaptive gain control leads to the notion that it operates essentially independently from the target selection process. SFM would leave an oculomotor error after the primary saccade, and it would be up to the target selection process to re-select the target for a secondary saccade or to move on to another target. If targets were frequently re-selected, the SFM mechanism would automatically raise the gain to reduce the time wasted in making too many corrective saccades. If targets were too infrequently re-selected, the gain would be lowered since primary saccades would be too large on average. Thus the SFM mechanism would constantly adjust gain to optimize flight-time according to the prevailing scanning strategies, regardless of the modalities specifying the target. Thus, SFM needs only desired displacement of the eyes, and would operate after the Noda, Murakami & Warabi, 1991) , unlike higher centres, implying that the OV operates on the displacement vector. Thus, it seems that the OV is intimately involved in the brainstem saccade generator and effects gain control downstream from the SC. A specific requirement of SFM is that it operates trans-saccadicly. Some gating signal is needed to allow consecutive saccades to be grouped into a single sequence. One possibility is that a high-level, attentional/fixational signal is relayed to the cerebellum to indicate when a target has been reached, i.e. being attended (although not necessarily precisely foveated). A wide variety of fixation/attention-and saccaderelated cells have been recorded in various regions of the monkey brain: frontal eye fields (Bruce & Goldberg, 1985) ; parietal cortex (Sakata, Shibutani & Kawano, 1980) ; substantia nigra pars reticulata (Hikosaka & Wurtz, 1983) ; SC (Munoz & Wurtz, 1992) . However, to our knowledge, the possible transsaccadic nature of "fixation" cells has not been specifically examined.
Another requirement of SFM is some source of variability downstream from the target selection mechanism to facilitate the trial-and-error process of SFM. SFM could capitalize on the inherent biological variability in the brainstem burst generators, or variability could be deliberately introduced. Ito (1984) has suggested that one role of the inferior olive might be to introduce noise. target selection process, that is downstream from the SC and frontal eye fields. This requirement does not violate known physiology.
The most likely site for adaptive gain control is in the cerebellar vermis, which is essential for saccadic gain control (Optican & Robinson, 1980) . The "oculomotor" vermis (OV) [lobules 6c and 7 in the monkey (Noda & Fujikado, 1987) ] projects to the caudal region of the fastigial nuclei, the fastigial "oculomotor" region (FOR), and thence to the paramedian pontine and mesencephalic reticular formations, where the generation of horizontal and vertical saccadic pulses take place (Noda, Sugita & Ikeda, 1990; Sato & Noda, 1991; Noda, Sato, Ikeda & Sugita, 1992) . Bursts discharges in the FOR are driven by visually and memory guided saccades (Ohtsuka & Noda, 1992) , OV Purkinje cells and mossy fibres carry saccadic burst signals with lateneies comparable to the brainstem saccade generator (Kale, Miller & Noda, 1980) , and stimulation of OV Purkinje and molecular cells trigger saccades with amplitudes that depend on stimulation current, showing that the OV functions at the level of temporal coding of saccades (Noda & Fujikado, 1987) . Ohtsuka and Noda (1990) have shown that saccade amplitude is controlled by the burst duration of the FOR. Thus it is tempting to speculate that the input and output of the gain controller are coded in terms of burst durations, which is consonant with SFM. Visually guided saccades do not compensate for disruption due to stimulation of the FOR
Ethology of SFM
Although it does not seem possible to assess objectively the evolutionary costs and benefits of different adaptive gain control strategies, the savings of about 4% in SFM seems small compared to the apparent simplicity of retinal error minimization. However, we believe that adaptive gain control should be seen in the wider context of visual scanning and visual development.
We make over a 150,000 saccades per waking day during everyday viewing (i.e. 3/sec). The average magnitude is about 8 deg (Bahill, Adler & Stark, 1975a) , so that the eyes spend about 1.5-2 hr a day in saccadic flight, when useful vision is very poor. It seems that minimizing saccadic flight-time could be important to the visual system. Kapoula and Robinson (1986) have suggested that features in a visual scene do not always need to be precisely foveated because they could be adequately analysed with perifoveal acuity. If this is the case, then the savings of SFM would be much more significant since secondary saccades would not always be needed (retinal error minimization would become completely disadvantageous). Thus the adaptive SFM controller could automatically find the gain that brings the fovea close enough on average to the selected target for the current visual task but without the need for secondary saccades. The savings of this strategy become large, particularly for small eccentricities, since from equation (1), the percentage reduction in flight-time for a single primary saccade of gain G relative to a total sequence flight-time is given by:
Thus conservatively, for 8-deg eccentric target the savings would be about 30% (G = 0.9, 7 = 3.3, ri = 2), but more for larger values of ~. From this we see that lowering the gain will increase the savings. However, if the gain were too low, the fovea would end up too far from the target for visual analysis and thus induce costly secondary saccades. Hence the need for a gain optimizer.
The development of saccades
We have shown that very low gains are optimal if the spread of error is large. At least qualitatively, this is consistent with the multiple hypometric saccades produced by the young infant (Aslin & Salapatek, 1975; Harris et al., 1993) . Unfortunately, it is not possible to specify the infant parameters with more precision. The main sequence for saccade duration has not been measured in infants, although at least some of the time infants can produce saccades with typical peak velocities (Hainline, Turkel, Abramov, Lemerise & Harris, 1984) . The spread of saccadic error is not known for individual infants because of the difficulty in eliciting many saccades from any single infant. The gain of infant primary saccades decreases markedly with eccentricity (Harris et al., 1993) which, according to our model, implies that the ratio of spread of error to target eccentricity increases with eccentricity, rather than remaining constant as we have assumed.
Adaptive gain control is needed to maintain accuracy in systems where dynamic feedback is absent or of too low a gain (Ito, 1984) , so that fluctuations due to natural perturbations or disease can be compensated. Thus adaptive control has often been considered as a selfrepair process (Robinson, 1975) . However, arguably, the most important need for adaptive gain control is in open-loop systems during infancy. During the first few months of life the basic parameters of the visuomotor system are undergoing rapid development, due to changes in optical magnification through growth of the eyeball and its optical elements, photoreceptor migration (Yuodelis & Hendrickson, 1986) , and changes in the ocular plant due to growth in eyeball size and extraocular muscles. Thus it is inconceivable that a veridical mapping between target eccentricity and saccadic motor output could be inborn, so the correct sensorimotor correspondence must be acquired by experience. However, the sensorimotor mapping cannot be finalized until the saltatory period of maturation has slowed down. Therefore, particularly in the early months, it is not surprising to find very large spreads in primary saccade error, and the savings for SFM become very significant. For example, from our simulations (Fig. 7) , total saccadic flight-time would be about 128msec if average retinal error were minimized (unity gain). This reduces to 100 msec when an optimal hypometric gain of about 0.6 is used (this savings would be even larger for smaller stimuli). During free-viewing by infants secondary saccades are not a prominent feature (personal observation), and from equation (5), low gains would yield an additional savings of 45% or more (G = 0.6, 7= 3.3, = 2, e = 8) if accurate fixations were not needed. Thus, we propose that SFM is especially important in infancy.
An alternative view is that infantile undershoot is an intrinsic property of immature sensory-motor mapping networks (Aslin, 1993 ; see also Ritter, Martinetz & Sculten, 1992) . However, why should such biased errors be tolerated in a highly adaptive system, unless adaptive gain control only develops after sensory-motor mapping has been established? A fundamental question, therefore, is whether adaptive gain control is innate.
